Abstract This study investigates the spatial and temporal impact of microclimate conditions caused by poplar hedgerows in a short rotation alley cropping system (SRACS), and their effect on the atmospheric evaporative demand (AED) and the grain crop yield of winter wheat (Triticum aestivum var. Patras) in direct comparison to a common agricultural crop system. Microclimate was measured at nine positions distributed at the SRACS and an adjacent open field in Brandenburg State (Germany) from March to August 2016. Our hypothesis was that microclimate and AED was improved at SRACS, with traceable effects on the crop yield. The analysis of air temperature and water vapour deficit (VPD) data revealed significantly (p B 0.05) lower daytime values from June to August at the crop alley of the SRACS, which were generally most frequent at the poplar hedgerow and 3 m west positions. By contrast, wind speed was reduced at almost all the positions of our crop alley and during the entire measurement period during both day and night. The AED measured on sampling days in July was significantly (p B 0.001) reduced at the whole crop alley, with values from 24 to 32% in comparison to the open field. We observed a strong linear relationship (R 2 & 0.78-0.99) between AED on one side and wind speed and VPD on the other side. The average grain yield within the SRACS was 16% higher than on the OF. However, our microclimate data were insufficient to explain this yield surplus.
Abstract This study investigates the spatial and temporal impact of microclimate conditions caused by poplar hedgerows in a short rotation alley cropping system (SRACS), and their effect on the atmospheric evaporative demand (AED) and the grain crop yield of winter wheat (Triticum aestivum var. Patras) in direct comparison to a common agricultural crop system. Microclimate was measured at nine positions distributed at the SRACS and an adjacent open field in Brandenburg State (Germany) from March to August 2016. Our hypothesis was that microclimate and AED was improved at SRACS, with traceable effects on the crop yield. The analysis of air temperature and water vapour deficit (VPD) data revealed significantly (p B 0.05) lower daytime values from June to August at the crop alley of the SRACS, which were generally most frequent at the poplar hedgerow and 3 m west positions. By contrast, wind speed was reduced at almost all the positions of our crop alley and during the entire measurement period during both day and night. The AED measured on sampling days in July was significantly (p B 0.001) reduced at the whole crop alley, with values from 24 to 32% in comparison to the open field. We observed a strong linear relationship (R 2 & 0.78-0.99) between AED on one side and wind speed and VPD on the other side. The average grain yield within the SRACS was 16% higher than on the OF. However, our microclimate data were insufficient to explain this yield surplus. 
Keywords

Introduction
Climate change and climate variability are likely to affect agricultural production and management in different ways (Aurbacher et al. 2013; Olesen et al. 2011; Schaller and Weigel 2007) . Reduced water availability, in combination with higher evaporative demand, is likely to negatively affect the productivity and water-use efficiency of agricultural crops, resulting in higher yield variability (EEA 2017) . Changes in rainfall patterns indicate that drought events are likely to increasingly shift to spring and early summer. Weather extremes, rather than mean changes in temperature and precipitation, are more likely to impact the functioning of agro-ecosystems, as was demonstrated during the European summer drought of 2003 (Ciais et al. 2005; Fink et al. 2004) . However, the impact of climate change on agricultural productions is extremely complex, resulting in increased uncertainties. Consequently, current farming practices in Europe need to be adapted to conditions of the climatic change. Reidsma et al. (2010) emphasized the role of the farm level in a successful adaptation to climate change. They argue that an optimized management and land use system can reduce the potential impact of climate variability on crop yields, as well as on farmers' incomes. In this context, the design of agroforestry systems that deliberately integrate woody vegetation, crops, and/or livestock on the same area of land as part of climate-smart multifunctional land use systems, have to be reconsidered as a measure to mitigate the effects of climate change (Dinesh et al. 2017) .
They are several types of agroforestry systems, with shelterbelts and alley cropping systems (ACS) being common examples. Both shelterbelts and ACS consist of linear hedgerow structures. For shelterbelts, these hedgerows are between 100 and 200 m apart and are often located at the edge of the field. For ACS, the hedgerows are in closer proximity to each other (10-100 m) and are more integrated within the agricultural system (Kurz et al. 2011) . At present tree and shrub shelterbelts are commonly used as wind break systems to protect against soil erosion (Veste et al. 2006) . These systems also have positive effects on ecosystem functioning and services (Burel 1996; Smukler et al. 2010) . In general, the combined use of crops and protective tree rows is considered to be an important measure in climate change adapted agriculture.
The recommendation concerning the combined use of crops and tree rows is based on studies that demonstrated the microclimate advantages of tree hedgerows. These include reduced wind speed and turbulent flux, or the mixing and movement of heat and water between the soil, the crop, and the atmosphere, leading to a more efficient use of soil water for plant growth (Böhm et al. 2014; Everson 2012; Nuberg et al. 2009 ). The results of field experiments indicated that these and numerous other microclimate variables (e.g. soil temperature, gust speed, wind direction, dew point, and precipitation) are buffered by shelterbelts (Karki and Goodman 2015) . This finding is explained by an increased canopy boundary layer resistance, which reduces the rate of water vapour removal on the leeward side of the windbreak. The area for detectable modifications of the microclimate conditions is limited. It usually extends up to a maximum of 10 times the height of the windbreak (Brenner et al. 1995; Cleugh 1998; McNaughton 1988) , and is further determined by wind direction and the topography of the surrounding terrain (Nuberg et al. 2009 ). This area is called the quiet zone, and is characterized by reduced wind speed and smaller turbulent eddies, together with a tendency towards depressed transport processes (Jones 2014) . Disadvantages for crops have also been reported, such as increased evaporation due to the reduction of wind speed behind the windbreaks, which may reduce the transport of heat away from the crop laves (Cleugh 1998) . Further away from the hedgerow, the quiet zone is followed by an area called the wake zone. Turbulences are enhanced here, and the previously described advantages may be converted into disadvantages (Jones 2014) . The turbulence within the wake zone reduces the extent of the effective shelter provided by the windbreak, as heat and vapour transfer are often increased, although mean wind speed may be decreased (McNaughton 1988) .
Changes in microclimate conditions due to tree hedgerows are generally extremely complex as they are influenced by many parameters. These include plant height, the planting density, orientation, and spacing of the tree strips, and the roughness of the terrain (Brandle et al. 2004) . A few studies examined microclimate effects on crops or pasture in agroforestry systems grown under temperate conditions (e.g. Hawke and Wedderburn 1994; Inurreta-Aguirre et al. 2018 ) and observed reduced wind speeds and cooling effects on air temperature. However, most of these studies were conducted on sites with single row tree lines with heights up to 30 m, whereby other microclimate modifications may be superimposed by tree-shading. The microclimate effects on crops in ACS consisting of multiple tree rows of densely planted short rotation coppice, with tree heights of a few meters and minor shading impact, were either rarely studied for their microclimate effects on crops or else were particularly restricted to their wind speed reduction effects (Böhm et al. 2014; Kanzler et al. 2015) . Apart from statements on the temperature and humidity of the adjacent crop alleys of these systems, there is also a lack of quantification of the evaporation protection effect. To date, there are no studies that assess atmospheric evaporative demand (AED) observations and their meteorological drivers in order to quantify the potential contribution of these systems to the terrestrial water cycle. Therefore, our main focus was to determine the impact of comparatively small tree hedgerows in a short rotation alley cropping system (SRACS) in a practical field experiment. We investigated microclimate conditions with a high spatial and temporal resolution, in direct comparison to the common agricultural crop system. Firstly, we quantify the impact range of the tree shelter on air temperature, vapour pressure deficits and wind speed. Secondly, we further determine the AED and its meteorological drivers, the leaf area index (LAI), and the crop yield of winter wheat (Triticum aestivum L.), and we analyse changes related to the distance to the tree hedgerows over a 5 month period.
Materials and methods
Site description and management practices
Investigations were carried out at a 70 ha agricultural site near Neu Sacro (Brandenburg, Germany) (N51°47 0 24 00 , E14°37 0 57 00 E, 66 m a.s.l.). This area is characterized by an average annual precipitation sum of 568 mm, which is equally distributed over the year, and a mean annual temperature of 9.6°C (meteorological station Cottbus, about 30 km west of the experimental site, for the period 1981 DWD 2016) . The site's groundwater is influenced by the nearby river Neiße, and the water table periodically reaches up to 0.8 m below the soil surface. It is predominantly flat and forms part of a largely open, agricultural landscape on the former floodplain of the Lusatian Neisse river. The soil texture can be characterized as sandy loam (0-30 cm, USDA classification) as the soil type corresponds to a Gleyic Fluvisol (WRB classification). The site has been used for arable crop production for several decades and was first managed as an agroforestry system in 2010. Since 2010, the crop rotation (2010-2016) has been as follows: corn (Zea mays)-corn-lupine (Lupinus sp.)-Solarigol-potatoes (Solanum tuberosum)-winter wheat (Triticum aestivum L.)-sugar beet (Beta vulgaris var. altissima)-winter wheat. The tree-strips of the alley cropping system are oriented in a north-south direction and are composed of black locust (Robinia pseudoacacia L.) and the poplar clone 'Max' (Populus nigra L. 9 P. maximowiczii Henry). The tree strips are 660 m long and approximately 11 m wide and include a buffer zone of 1 m on each side. They consist of four double rows with 0.75 m within the double row, 1.80 m between the double rows, and 0.90 m within the row, resulting in a plant density of up to 9200 trees ha -1 . The tree rows were harvested during the winter of 2014/2015. They had resprouted to an average height of 3 m at the beginning of our investigations, and had grown to 5 m by the end of the study. The crop alley widths were adapted to multiples of the standard widths of the agricultural machinery. The tree strips were managed as short rotation coppice (SRC) and included two 24, 48, and 96 m wide crop alleys, respectively. During the period of measurement the alleys and a nearby open field, which acted as a reference site, were cultivated with winter wheat (Triticum aestivum var. Patras). The crop management within the SRACS and at the reference site was identical. At the end of October 2015, the soil was prepared by tilling, followed by the incorporation of the wheat seed (240 kg ha Design of the alley cropping field experiment Field equipment for our micro-climate measurement was installed at 3, 9, 15 m west and east of the hedgerow and in the centre (24 m) of a 48 m wide crop alley, as well as between the two double rows of a poplar strip and on the adjacent conventional agricultural reference site in mid-March 2016 (Fig. 1) . The sensors at the poplar tree strip were placed under tree canopies, in contrast to the sensors at the crop alley, which had no canopy protection directly above them. The overhang of the poplar treetops at the time of measurement was limited to the first metre of the crop alley on the east and west sides. The sample region at the adjacent field was located more than 150 m east and more than 450 m west from the next poplar tree row or tree obstacle. We selected a sample region that was equivalent to the alley cropping system in terms of its soil and soil water conditions.
Microclimate measurements
Microclimate measurements were performed at the nine positions using 36 HOBO Pro v2 Temp/RH (U23-001) data loggers (Onset Computer Corporation, Bourne, MA 02532 USA) with UV radiation shielding caps. In order to carry out the measurements at the crop canopy, the HOBO Pro v2 Temp/RH data loggers were installed 30 cm above the soil surface and were adjusted twice during the 2016 growing season (at 70 and 110 cm). To ensure the plausibility of the HOBO Pro v2 Temp/RH temperature measurement series, these were validated with the data series of the existing shielded temperature sensors (HYGROCLIP R3, Rotronic, Germany) from six weather stations. In addition to the temperature sensors, the weather stations also included sensors for measuring wind velocity (A100R, Vector Instruments, UK), relative humidity (HYGROCLIP R3, Rotronic, Germany), wind direction (a potentiometric wind vane mounted at a height of 2 m, W200P, Vector Instruments, UK), and global radiation (G, k = 400-1100 nm), which were installed on masts 1 m above the soil surface. Data were collected using data loggers (GP1 and DL6, Delta-T Devices Ltd., Cambridge, UK), with one measurement made every 10 min.
In order to ensure wind speed measurements comparison, three additional cup anemometers (A100R, Vector Instruments, UK) were used on each position with no weather station. The quantification of the atmospheric evaporative demand (AED), which was determined by Piché evaporation (E Piché ), was performed at six positions in the crop alley and at one position at the reference site, with three repetitions each. Thus, a total of 21 unsheltered Lambrecht Piché atmometers were used on three rainless summer days in July, each with different weather conditions, and on 1 day in August. The bottoms of the Piché atmometer (Thies CLIMA, Göttingen, Germany, 33 cm glass tube) were placed 110 cm above the soil surface and the tubes were filled with approximately 36 ml of distilled water. The Piché tubes were mounted using filter paper (140 g m -2 , A = 23.8 cm 2 ), which was perforated in the centre for pressure equalizing purposes, and left for 24 h in the field. Subsequently, the water levels were read directly from a graduated scale attached to the measuring tube. This resulted in an evaporation value expressed in ml of water, with a measuring accuracy of 0.1 ml.
Leaf area index and yield measurements
On 16 June 2016, the leaf area index (LAI) of the winter wheat crop was measured at all of the HOBO Pro v2 Temp/RH positions within the crop alley using a plant canopy analyzer (LI 2200C, LI-COR Inc., Lincoln, Nebraska, USA). This was done in order to draw conclusions concerning the potential crop growth and influence of tree-shading, as it had been found that winter wheat was able to increase light inception efficiency by improving canopy size under shading conditions (Li et al. 2010) . These positions were again sampled for manual yield measurements on 4 August, using an equilateral metal frame of 0.25 m 2 . Wheat samples were transported to the laboratory and dried at 60°C for 24 h. The dried straw and grain were manually separated and weighed, and the results were then upscaled from a square metre on a per hectare basis.
Data preparation
As noted above in 2.3, 10 min air temperature and relative humidity data were collected using HOBO Pro v2 Temp/RH Data loggers in four repetitions for each position (n = 4) and then averaged. The simultaneously recorded values of relative humidity and air temperature data were converted into vapour pressure deficits (VPD) using the following equations by Gigon et al. (2004) :
where T L , air temperature (°C), P S , saturated vapour pressure (hPa), RH, relative humidity (%), and P a , current vapour pressure (hPa). The pressures in hPa were subsequently converted to kPa. For further statistical evaluation, the 10 min temperature, together with the VPD and wind speed data of each position, were assigned into eight equally sized time sections from 0:00 to 23:50 for each month within the measurement series. The averages for the Leeward and windward sides were defined, due to the fact that the main wind direction over the past years was westerly or southwesterly whole crop alley (winter wheat yield and Piché evaporation) were calculated by including the measurement distances (e.g. 18W, 18e, 6W, 6E) that were missing due to interpolation.
Statistics
Statistical analysis was performed using SigmaPlot (Systat Software, Inc. ORT USA Bundesstaat, Version 12.5, 2011) software. All the data were tested for normality and variance homogeneity, using the Shapiro-Wilk-Test (W-test) and Levene's test respectively. For normally distributed data (e.g. leaf area index, grain yield) the one-way ANOVA was used and in other cases (climate data) the Kruskal-Wallis ANOVA on ranks was performed. When significant differences were found, both were followed up by pairwise multiple comparison procedures (Dunnett's test). In order to detect significant differences among the positions within the alley cropping system (Piché evaporation), a post hoc Holm-Sidak test was performed. Furthermore, linear regression analyses were performed in order to determine the climate-evaporation or climate-crop yield relationships.
Results
Climate conditions during winter wheat cultivation Figure 2 shows the Walter-Lieth climate diagram of the study site, with the monthly average temperature and the monthly precipitation sum during the entire cycle of the wheat crop. It indicates that our study site was characterized by humid conditions (dash line area) during this period. Precipitation was 704 mm, with peaks occurring in February (64 mm) and June (98 mm). The lowest level of precipitation was measured in December and August, with 27 mm each. The average air temperature during this period was 9.8°C. The coldest month was January and the hottest month was July, with mean monthly air temperatures of -1°C and 19.2°C respectively.
Difference in air temperature between the open field and the alley cropping Figure 3 shows the monthly variation in air temperature at eight different time sections during the measurement series, which were measured at positions in the short rotation alley cropping system (SRACS) and the open field (OF). During the first 2 months, the air temperature at the SRACS and the OF only varied slightly, and significantly (p B 0.05) higher temperatures were only detected around midday (9:00-14:50) at the poplar hedgerow (P), the 3 m west (3W), and 9 m west (9W) position. For example, in April the midday median air temperature was 1.7°C (3W) and 0.9°C (9W) higher than at the OF (median = 12.9°C).
In May, the median air temperature at P was up to 1.6°C higher at night (21:00-2:50) and was up to 1.9°C lower during the daytime (9:00-17:50) in comparison to the OF. At the crop alley, the nocturnal (21:00-5:50) median air temperature was between 0.7°C (3W) and 1.1°C (9W) higher in comparison to the OF. The morning (6:00-8:50) median air temperature at most of the positions in the crop alley varied from 15.3°C (3W) to 14.9°C (15 m east at the crop alley, 15E), with the exception of the 3 m east position at the crop alley (3E), and was therefore was significantly higher than at the OF (13.7°C). During the daytime (9:00-17:50), the difference in median air temperature in relation to OF was mainly observed at the 3E and 3W positions, with the highest deviation between ? 1.7°C (3E) and ? 1.3°C (3W) during the hours before noon (9:00-11:50).
Moreover, the nocturnal (21:00-5:50) median air temperature measured at P in June was up to 1.5°C higher, as the daytime (9:00-17:50) temperature was up to 2.5°C lower than at the OF. Other observed deviations from the OF air temperature were restricted to the 3W and 3E positions. For example, during the morning hours, the median air temperature was 0.5°C lower at 3E and 1.2°C higher at 3W in comparison to the OF (median = 17.7°C).
In July, an increase of up to 0.8°C was detected in the nocturnal median air temperature at P from 21:00 to 2:50. The air temperature was lower during the day and reached its peak from 9:00 to 11.50, with median air temperatures from 22.6°C (P) to 26.0°C (OF). Other notable air temperature deviations from the OF were detected at the 3W and 9W positions, with lower air temperatures in the late afternoon (15:00-17:50) and evening (18:00-20:50). The median air temperature here was from 0.7°C (9E) to 1.4°C (3W) lower.
In August, the nocturnal median air temperature measured at P increased to 0.7°C higher than at the OF, while during the day it was up to 2.6°C lower. The median air temperature at the 3W position during the hours before noon (9:00-11:50) was 1°C higher than at the OF, while during the late afternoon and evening it was up to 1.5°C lower. At the remaining positions, noticeably lower air temperatures than at OF were mainly observed during the evening and night. Therefore, the difference in median air temperatures between the OF and the crop alley positions was greatest from 0:00 to 2:50, when it increased by up to -0.7°C (9E).
Taking into account all the measurements at P in relation to the OF for all the months, we observed that the air temperature was at least 1°C lower during the daytime (6:00-20:50) and at least 1°C higher at night (21:00-5:50) in 40% and 36% of all the recorded data, respectively (data not shown). The daytime temperatures measured at the 3W position was at least 1°C higher in 19% and 1°C lower in 12% of all the recorded data, respectively. For the rest of the positions, negligible variations from the OF dataset of well below 10% were detected. Figure 4 shows the monthly variation in vapour pressure deficits (VPD) from 6:00 to 20:50 at the different positions within the SRACS and the OF. The nocturnal (21:00-5:50) values have been omitted as VPD was below 0.1 kPa and showed no clear trend.
Difference in vapour pressure deficit
In March and April there were no significant differences in VPD between the SRACS and the OF, with the exception of the 3W position during April evenings, which had a significantly lower (p B 0.05) median VPD (0.09 vs. 0.12 kPa).
In May, the daytime VPD was higher at most of the positions on the crop alley than it was at the OF, with the exceptions of 3E in the morning and 3W during the late afternoon. For example, during the afternoon the median VPD was from 0.08 kPa (at the centre of the crop alley, C) to 0.14 kPa (9E) higher than at the OF (median = 0.83 kPa). At the evening the median VPD was 0.12 kPa higher at P and 0.04 kPa lower at 3W in comparison to the OF (median = 0.24 kPa).
In June, the morning median VPD at the P and 3E positions was 0.04 and 0.13 kPa lower than at OF (0.16 kPa), respectively. Other crop alley positions, (November 2015) to the harvesting of the winter wheat (August 2016). The air temperature data was measured using a HYGROCLIP R3 sensor with a solar radiation shield, and precipitation data, corrected according to Richter (1995) , were measured using a LAMBRECHT meteo precipitation sensor (Type 15189). Both parameters were measured 1 m above soil surface with the exception of the 3W and 15W positions, had a higher median VPD in relation to the OF, which ranged from 0.03 kPa (9W) to 0.08 kPa (9W). During the day, the VPD at P was lower than it was at OF, and was especially clear before noon when the median VPD was 0.29 kPa lower. During the late afternoon, P (median = 1.07 kPa) and 3W (median = 1.02 kPa) both had a lower VPD than the OF (median = 1.18 kPa). In contrast, at the evening median the VPD was higher at P (0.38 kPa) and slightly lower at 3W (0.21 kPa) in comparison to the OF (0.22 kPa).
During the July mornings, the median VPD at P (0.19 kPa) and at the crop alley positions in direct proximity to the hedgerows (3W = 0.28 kPa, 9E = 0.28 and 3E = 0.10 kPa) was lower than it was at the OF (0.37 kPa). Before noon, the median VPD at the C, 15E, 9E, 3E, and P positions was up to 0.63 kPa (P) lower than it was at the OF. During the afternoons, P and most of the crop alley positions, with the exceptions of C and 15W, showed significantly lower VPD values in comparison to the OF (median = 1.72 kPa), which was particularly clear at the P (median = 1.15 kPa) position. The median VPD values were also significantly lower at the P and 3W (both 0.42 kPa lower) positions during the late afternoon and at 3W, 9W, and 15W positions (between 0.17 and 0.19 kPa lower) during the evening.
During the day (12:00-14:50) in August, significantly lower median VPD values of up to 0.38 kPa in relation to the OF were detected at the P position. Moreover, the 3E and 9E positions in the morning and 3W position in the late afternoon also showed significantly lower median VPD values of up to 0.30 kPa in relation to the OF. During the evening, all Taking all the months and time sections considered into account, the VPD measured in relation to the OF was at least 0.2 kPa lower at the P and 3W positions in 28% and 15% of all the recorded data respectively. By contrast, it was at least 0.2 kPa higher at the 3W and Figure 5 shows monthly the variation of the OF wind speed measurements (OF C 1 m s -1 ) in comparison to those of the SRACS (without P) in eight different time sections. In general, with a few exceptions, the wind speed measured at most of the SRACS positions decreased significantly (p B 0.05) in comparison to the OF during the days and night of our investigation period. The exceptions were mainly found during the daytime in March, when the highest wind speeds with values of more than 7.0 m s -1 were detected. The wind speed measured at the 15W, C, 15E, 9E, and 3E positions during this period frequently did not differ from that at the OF. The same was true of all positions, except for 9W, during the hours before midnight in June, the 15E and 9E positions during the daytime in April, of the nocturnal 9E position during April and May, and of the hours from midnight to morning in June. The greatest wind speed reduction in relation to the OF was observed in August at the 3W position. Here, the median wind speed during the late afternoon and the night was more than 83% lower (0.25 vs. 1.50 m s -1 ) and 93% lower (0.09 vs. 1.39 m s -1 ) than at the OF respectively. Moreover, the median wind speed at 9W, which was among the lowest of the positions in the SRACS, was even 34% (day) and 46% (night) lower in both the above time sections. Under consideration of the accumulated wind speeds for each position at daytime (6:00-20:50) and night-time (21:00-5:50) wind speed reduction was between 2% OF, open field, 3W, 9W, 15W = 3, 9, 15 m west at the crop alley, 3E, 9E, 15E = 3, 9, 15 m east at the crop alley, C, centre of the crop alley (9E) and 14% (C) higher during night. However, night-time measurements accounted only for about 12% of the data. Table 1a shows the daytime (06:00-20:50) wind speed averages (OF C 1 m s -1 ) by wind direction among the different positions within the SRACS and the OF. The highest average wind speeds of 2.1 m s -1 were detected on the OF when southwesterly and westerly winds were predominant, with a frequency of 24% and 19% respectively. Under these conditions, the highest wind speed reduction in comparison to the OF was measured at 3W, with values of approximately 67% and 62% respectively. The wind speeds at 3W were also greatly reduced for northwesterly winds. Taken together, 48% of the winds came from a southwest, west, and northwest direction. The wind speeds for easterly and northeasterly winds were greatly reduced at all the windward positions. During the southerly winds, which blew parallel to the hedgerow, the wind speeds were only marginally reduced, but were still significant (p B 0.05) between the 3W, 9W, and 3E positions of the hedgerow and the OF.
Difference in wind speed
The wind speeds across all the wind directions were generally lower during the night (21:00-06.00) than they were during the day (Table 1b) . In keeping with the daily values, the highest wind velocities with average values from 2.1 to 1.7 m s -1 were detected for southwesterly, westerly, and northwesterly wind directions. The winds blew even more often in these directions at night, with a total frequency of 66%. The highest average wind speed reductions of from 71 to 47% were observed east (leeward) of the hedgerow. The lowest wind speed reduction effects were detected for southerly and northeasterly winds. For southerly winds, the average protection varied from 33 to 27%, with a gradient from the 3W to the 9E positions and vice versa, and with average values of from 50 to 21% when a northeasterly wind was predominant. In general, the wind protection effectiveness (the sum of the average wind reduction per wind direction under consideration for the frequency) over night and day followed the order:
This was regardless of the prevailing wind direction.
Piché evaporation E Piché was measured on three consecutive days in July when there was winter wheat on the field, and once 6 days after harvest (31 August). The air temperature and solar radiation were low on the first measurement day (18 July), but the relative humidity was higher than it was on the remaining measurement days. In Temp/RH data loggers. The different letters indicate the significant differences between the measurements (at the p B 0.05 level, n = 3). OF, open field, 3W, 9W, 15W = 3, 9, 15 m west at the crop alley, 3E, 9E, 15E = 3,9,15 m east at the crop alley, C, centre of the crop alley. *RH/T data taken from weather stations (HYGROCLIP R3, Rotronic), 1 m above soil surface, as HOBO Pro v2 Temp/RH were already dismantled due to harvesting activities distances from the hedgerow and showed a clear westeast gradient, with less water evaporating but a higher rise on the west than on the east side of the crop alley. The second measurement day (19 July, Fig. 6b ) had high temperatures and radiation values and low wind speeds. The wind mainly came from the northeast and southeast and evaporation at the 3W and 3E positions was approximately 35% and 36% lower than on the OF respectively. Similarly to the first measurement day, the level of evaporated water tended to increase with increasing distance from the hedgerow, but evaporation measured at the 9W, 15W, and 9E positions was not statistically different from the centre of the crop alley.
The greatest total amount of water evaporated on the last measurement day when winter wheat was still present within the crop alleys (20 July) (Fig. 6c) . On this day, the air temperature was extremely high, the air humidity was low, and east and southeasterly winds were most frequent. In comparison to the OF, the water loss was 34% and 39% less at the 3W and 3E positions respectively. The rest of the measuring positions within the SRACS were comparable. The easterly winds meant that evaporation was potentially lower on the east side of the alley. Figure 6d shows the water evaporation rates without the winter wheat growing on the field. This measurement day had the lowest air temperature and relative humidity and the highest wind speed among all the measurement days. This resulted in even greater amounts of water evaporating on the third measurement day. For both the 3W and the 3E positions, 38% and 37% less water evaporated in comparison to the OF respectively. The greatest amount of water within the crop alley was lost at the centre. This was significantly higher (p B 0.01) in comparison to the 3W, 3E, and 9W positions, but was still 27% lower than that measured for the OF. Overall, the average E Piché within the SRACS was significantly (p B 0.001) lower (24-32%) in comparison to the OF.
Crop yield and leaf area index Figure 7 shows the winter wheat grain yields among the SRACS, which varied from average values of 7.0 (3W) to 9.2 Mg ha -1 (9W). The average crop yield for the entire crop alley was 16% higher than for the OF. Therefore, the average yields for most of the positions within the SRACS were considerably higher than the 7.1 Mg ha -1 that was detected on the OF. However, this was not true of the C and 3W positions, whose yields were similar to those of the OF. The surplus yields within the SRACS fluctuated from approximately 1-30%, and tended to increase with increasing distances from the tree hedgerows on the east and west positions. However, the sharp transition or depression at the centre of the crop alley did not fit this trend. The highest yields were determined for the 9W and 15W positions, and also for the 15E position, which, however, was not statistically different from the OF yield. The LAI is also depicted in Fig. 7 . Within the SRACS, the average LAI varied from 2.1 (3W) to 2.9 m 2 m -2 (15E), in comparison to 2.2 m 2 m -2 for the OF. However, no statistical differences were found.
Regression analysis
Figure 8a-d shows a strong and significant (p B 0.01) linear relationship between Piché evaporation (E Piché ) on the one side and wind speed, air temperature, VPD, and relative humidity on the other side for all three E Piché measurement days when the winter wheat was still present, with R 2 values from 0.78 to 0.99. By contrast, E Piché showed no significant relation to air temperature on the first measurement day. No significant correlations were obtained for E Piché and solar , detected at OF, median values) and the cumulative air temperature measured from 23 March to 23 August at events were the wind speed was C 1 m s -1 at the OF radiation on any of the days (data not shown). Figure 8e reveals a significant linear relationship (p \ 0.001) between wind speeds C 1 m s -1 detected at OF and their counterparts at the SRACS and their cumulative air temperature measured during these events. No relations were found between winter wheat yield on the one side and air temperature (minimum and maximum air temperature, growing degree days), VPD, wind speed, E Piché , and LAI data on the other site.
Discussion
Impact on air temperature Our air temperature measurements clearly demonstrated that from May to August 2016 lower daytime and higher night-time temperatures had been detected within the poplar tree hedgerow (P) investigated than at the reference site (OF). Although the median air temperature was not more than 3.4°C lower on the hot summer days in July, and 1.6°C warmer on the relatively cool spring days of May, the daytime air temperatures at P could be up to 7°C cooler (20 July) and more than 5°C warmer at night (22 May). This is in keeping with the findings of Inurreta-Aguirre et al. (2018) and Renaud et al. (2011) , who also observed higher air temperature below canopies at night and lower air temperatures during the day. Renaud et al. (2011) observed lower air temperatures of 1-2°C under a canopy of deciduous and mixed forests in Switzerland during the summer, and noticed that the strength of the cooling depended on the absolute value of the air temperature. In short, the higher the air temperature, the stronger the influence of the forest. This is consistent with our findings. During the warmest month of our measurement series, namely July with an average of 19.3°C, the P and OF positions showed the most notable divergence during the entire measurement series. However, it should be noted that our measurements took place below a closed tree canopy and, the air temperature deviations may therefore be attributed mainly to the impact of shading. Considerable thermal effects at the crop alley, in contrast to the open field, were frequently detected at up to 9 m and 3 m distances from the hedgerow at the west and east positions respectively. However, these rarely occurred in March and April and were limited to the first 9 m west of the alley where the median air temperature was up to 1.7°C higher around noon. During May, comparable temperature increases were also detected in the evening and at night, and were even present at almost all positions of the crop alley during the morning hours. Similar results were reported by Campi et al. (2009) , who studied temperature increases of 1-2°C at a distance of up to approximately 14 m from a 3 m height cypress (Cupressus arizonica L.) windbreak in southern Italy. Higher air temperatures in the evening hours are likely to occur due to increased surface temperatures during the day. This results in more heat being stored in the soil, which is released during the night (Wang and Klaassen 1995) . In contrast to these findings, lower air temperatures, which were rarely more than 1°C, occurred at most of the positions of the crop alley in August during the evening and night hours, with the exception of the positions at a 3 m distance from the hedgerow to the east and west. During the daytime hours, the lower air temperature was limited to the positions in direct proximity to the tree hedgerows, and they were more frequent in the east in the mornings and in the west in the late afternoons. This cycle probably reflects the shadow effect of the adjacent hedges, which is further supported by our data that revealed a lower solar radiation sum of 7% (west) and 6% (east) in relation to full sun conditions (data not shown).
Impact on vapour pressure deficit Like our air temperature measurements, the vapour pressure deficit (VPD) under the canopy of P was significantly lower during the daytime and higher during the evening hours of our observation period in comparison to what it was at the OF. This was an expected effect due to the air temperature dependence of VPD (von Arx et al. 2013) . It was also noticeable at most of the measurement positions of our crop alley, and was particularly clear in the higher daytime VPD values during May and the lower afternoon VPD values during July, in each case in relation to the OF. A VPD above 1.25 indicates a hot and dry environment (Gobin 2012), and more humid conditions generally provide higher water use efficiencies due to reduced transpiration and a lower VPD (Sinclair et al. 1984) . However, the optimal value range for plant growth is stated as 0.9-1.0 kPa (Gobin 2012).
When considering this range for the daytime May data, the better conditions were 12% (3W) to 29% (9O) more frequent at the crop alley than at the OF. In July, the VPD values for these boundaries were 1% (3O) to 27% (3W) more frequent. VPD values of above 2 kPa are reported to lead to high transpiration rates and low water potential in the leaves of well-watered plants. In extreme cases, they lead to wilting and to a tremendous reduction in photosynthesis (Gates et al. 1998) . Moreover, high VPDs may result in water stress, even when soil water is abundant (Hernandez et al. 2016) . Such high values are most frequent during the afternoon, as the atmospheric VPD and transpiration rates follow a diurnal pattern, being lowest at sunrise and increasing to a maximum at around midday (Hirasawa and Hsiao 1999) . A consideration of the values above 2 kPa during the July daytime data indicates that they occurred from 18% (15W, C) to 36% (3W) less frequently than at the OF.
Impact on wind speed
Our results indicate that, despite the moderate height (3 m at the beginning of our measurement series) of our tree hedgerows, the open field wind speed was significantly (p B 0.05) reduced at almost all the positions of our crop alley area, and throughout the measurement period at both day and night. However, wind speed reductions were most evident and highest (up to almost 70%) in the direct vicinity of the poplar tree hedgerow, namely, up to 9 m leeward and 3 m windward. This trend increased towards the end of the growing season, corresponding to the increased hedgerow height, and also corresponding to other field studies of with comparable hedgerows heights (e.g. Böhm et al. 2014; Campi et al. 2009 ).
Various studies emphasized the importance of the determination of tree hedgerow permeability for wind reduction measurements. Previous studies have determined permeability using various single-layer barriers. For example, they have used porous material to imitate a shelterbelt, or have taken a maximum of tworowed shelterbelts into account. Such examples can never reflect reality, nor can they be comparable to our four-rowed SRACS. According to a model experiment by Dong et al. (2006) , the importance of the porosity of a tree shelter decreases with the decreasing height of the shelterbelt, and this is therefore of less importance for our consideration. Given that a quiet zone can reach up to 10 times the height (H) of the hedgerow, or even more than 20 times the height in case of a permeable (e.g. 40-50%) windbreak (Nuberg 1998) , and given that our planting layout include a hedgerow every 48 m, our quiet zone could be expected to cover most of the crop alley, especially towards the end of our measurements. This was confirmed by the fact that the open field wind speeds were substantially reduced at all the positions. However, in our case it is difficult to specify the quite zone to a given area because reduced wind speed and microclimate effects have been reported for the wake zone, too (Nuberg et al. 2009 ).
During our measurement series, northeast and south winds, which are predominantly reduced in close proximity to hedgerows, did not occur more frequently than 16% and 12% during the daytime and night-time measurements respectively. This suggests that the north-south orientation of our SRACS was appropriate for reducing the majority of winds, and resulted in maximum protection. The high suitability of our SRACS for reducing strong wind speeds was also confirmed by a study by Böhm et al. (2014) .
Impact on Piché evaporation
Our results clearly demonstrate that Piché evaporation was significantly reduced (p B 0.05) at all the positions in the SRACS in comparison to the adjacent open field. Over a period of 4 days that were representative of typical weather conditions on our study site, average evaporation reduction among all the measurements was more than 27%, although the highest reduction effect with values of up to 58% was detected in close proximity (3 m) to the tree rows. This can be interpreted as an indication that the climate conditions in the sheltered SRACS lead to a lower atmospheric evaporative demand (AED). These results are comparable, although only to a limited extent, to those of Campi et al. (2009) , who calculated evapotranspiration (ET), a combination of the evaporation from the soil and wet surfaces and transpiration from plants (Monteith and Unsworth 2013) , using the soil water balance method. In their study, the hedgerow reduced evapotranspiration more than 38 m away from it. Within the first 14 m, evapotranspiration by durum wheat was reduced by up to 16% in comparison to a nearby non-protected area in southern Italy. At a distance of 14-38 m, evapotranspiration was reduced by 6% in comparison to the same open field. Karki and Goodman (2013) calculated the ET according to the FAO Penman-Monteith equation and found lower evapotranspiration (11-32%) within a young longleafPine-bahiagrass (Paspalum notatum Flugge) silvopasture system in comparison with an open pasture over a 10 month period in Georgia (USA). However, the actual evapotranspiration (ET a ) depends on AED and the water supply, such as that of precipitation (Roderick et al. 2009b ). Therefore, we cannot make any statements about the transpiration behaviour of winter wheat plants or ET a based on our Piché measurements. Admittedly, when there is sufficient available water to meet the AED, ET proceeds at the above-noted upper limit, which is sometimes denoted as the potential evaporation (ET p ) rate (Roderick et al. 2009a ).
Interactions among wind speed, air temperature, VPD and evaporation Air temperature and wind speed are closely related to each other, which is especially clear in the influence area of tree hedgerows. According to Nuberg et al. (2009) , air movement transfers heat away from the soil and from leaf surfaces, and daytime temperatures are therefore expected to be higher under sheltered conditions, although they are rarely more than 2°C higher, which was also the case in our observations. Campi et al. (2009) mainly attributed the daytime temperature increases near the hedgerows to the reduction of turbulent mixing and to reduced wind speeds. Furthermore, it seems reasonable to conclude that the lower night temperature in our study may likewise have been induced to lower wind speed or higher wind protection to the predominantly nocturnal wind directions of southwesterly and westerly. In addition, this is further underlined by a strong linear (R 2 = 0.856, p \ 0.001) relationship between our wind speed (OF C 1 m s -1 ) measurements and the cumulative air temperature measured at events where the wind speed was C 1 m s -1 at the OF (Fig. 8e) . The strong wind protection provided by tree hedgerows also has favourable effects on the AED within the adjacent crop alleys. McVicar et al. (2012) reviewed 58 studies across the globe and found that in more than 30 cases the change in wind speed was a central contributing factor to the changes observed in AED. Greater wind speeds are more likely to move saturated air, which is likely to then be replaced by unsaturated air. This unsaturated air will probably facilitate good conditions for continued evaporation if energy and water are available (Azorin-Molina et al. 2015) .
The strong linear relationships (R 2 = 0.78-0.96, Fig. 8a ) between wind speed and evaporation during the 3 days of measurement confirm this. We can generally detect a high influence of wind speed on Piché evaporation, especially on cloudy days or when radiation is relatively low.
AED was also strongly influenced by the VPD, which was also demonstrated by linear strong relationships (R 2 = 0.80-0.96, Fig. 8c ) between VPD and evaporation during our measurements. Interestingly, there was a higher relationship between AED and wind speed (R 2 = 0.96) on 18 July than between AED and VPD (R 2 = 0.80), while on 19 July the situation was reversed. This was most likely due to the highest wind speeds and the lowest air temperature detected among the three measurement days on 18 July. By contrast, wind speed was lowest, air temperature was higher, and air humidity was lower on 19 July than on 18 July (Fig. 6a-c) . The strong dependency between VPD and air temperature has already been pointed out (see ''Impact on vapour pressure deficit'' section). Taken overall, VPD is directly related to AED and is, consequently, the driving force for crop transpiration (Sinclair and Gardner 1998).
However, while providing shelter from the wind may benefit plants by saving water, it does not necessarily do so. This benefit also depends on leaf morphology, stomata behaviour, and the optical properties of the leaf surface (Larcher 2003) . In follow-up investigations, the impact of shelter on crop transpiration should also be measured.
Impact on winter wheat grain yield
In keeping with observations made by Nuberg et al. (2009) and Campi et al. (2009) , winter wheat crop yield response to shelter can be classified by what occurs in different zones. Close to the tree row, between 0 and 3 m, there is an area in which competition for water, nutrients, and light or unsprayed crop edges (De Snoo 1999) together with reduced photosynthetically active radiation (PAR) and rainfall interception (Sudmeyer and Speijers 2007) , results in lower average yields in comparison to our open field site. This finding agrees with observations made Lyles et al. (1984) , that winter wheat yields were reduced by 31% in a zone lying between 0.25 and 3 times of the tree height (H) that was situated in a single-row shelterbelt consisting of a mixture of tree and shrub species (between 1.8 and 9.1 m in height) in Kansas, USA. In addition, Sparkes et al. (1998) reported a significant reduction (p = 0.026) in thousand grain weight of two winter wheat varieties within 9 m of a 15 m tall hedgerow from a field trial in the UK. The findings of Sparkes et al. (1998) can be explained by the fact that cereals are optimized to absorb sunlight, and therefore suffer from shading by a hedgerow and only profit from increased humidity under extreme climatic situations (Kuemmel 2003) .
In contrast to our expectations, the average winter wheat yield values within 3 m distance of the hedgerow were only 1% less than those measured at the unsheltered area. Therefore, our data suggests that north-south orientated hedgerows have minimal negative impact on crop yield development within the completion zone. This was also confirmed by the LAI and solar radiation results for 3 m west from the hedgerow, which were similar to the values for the open field. Hence, our north-south directed and comparably low hedgerows have little effect on radiation reaching the crop, because any shading in the morning or evening is partially compensated for by the increased reflection off the hedgerow (Jones 2014) .
The competition zone is followed by an area of maximum shelter protection with increased crop yields. At our SRACS field site this zone was located 3-24 m from the hedgerow. Surplus yields due to increased temperatures and better water status due to a decreases in potential evaporation (see ''Impact on air temperature'' section) can be expected here. This can lead to higher stomatal conductance (g s ) and more rapid photosynthesis (Jones 2014) . In addition, the protection of the soil from wind erosion (Böhm et al. 2014; Jones 2014 ) and the protection of crops form physical damage due to wind effects (Cleugh 1998) can significantly contribute to enhanced crop yields. Our results demonstrate that yield gains of more than 30% are possible in relation to our unsheltered open field. Comparable results have also been measured by Bao et al. (2012) , who found that average winter wheat yields increased by 30% within the sheltered zone (0-255 m) of a 14 m tall poplar shelterbelt in comparison to an unsheltered area in eastern China.
Other findings were obtained by Nuberg et al. (2009) , who reported much lower yield gains of only 2% from 63 Australian field trials. In this study, the strongest shelter effect on cereals was detected during dry years due to protection against infrequent strong winds that caused plant damage and soil erosion, rather than due to microclimatic effects. They concluded the findings regarding relatively poor net yield increases in cereals were due to the relatively windhardiness of cereals and the predominance of shallow soils with low water holding capacity. Bruckhaus and Buchner (1995) have stated that winter cereals only react positively to hedgerow shelter in dry years and that they react negatively in years with sufficient water supply. Therefore, the lack of a spring drought and the comparably rainy summer in which our investigation occurred may be one reason why the winter wheat yield did not react stronger to the improved climactic conditions of the tree hedgerows. We realized a yield depression at the centre of our crop alley (24 m), but we did not connect this with a deterioration of the microclimate conditions or a shelter effect. This depression was more like to have been caused by compaction as a result of soil tillage, especially as the agricultural machines' driving lanes were usually at the centre.
Conclusion
The main findings during our 5 month period of measurement in an short rotation alley cropping system (SRACS) and an adjacent open field (OF) are as follows:
1. In relation to OF, the air temperature and vapour pressure deficit (VPD) in our SRACS was significantly reduced during the daytime and increased during night-time, especially from June to August. However, this was frequently limited to the poplar hedgerow (P) or to the 3 m west position at the crop alley. 2. Wind speed reduction was substantial and was proven at all our SRACS positions during both day and night. It increased at night and increased the closer it was to the tree hedgerows. Moreover, it also increased together with the increasing tree height that occurred during the research period.
3. Atmospheric evaporative demand (AED) observations from the Piché atmometers revealed that AED was significantly decreased at all position in our SRACS, and that this was most clearly shown close to the poplar hedgerows. AED was highly sensitive to wind speed, VPD, air temperature, and relative humidity, and depended on the prevailing climatic conditions. 4. Although the yield at two positions in our SRACS was significantly higher in comparison to the open field site, we could not detect a significant relationship between microclimate and winter wheat grain yield.
The challenge we now face is to relate our microclimate measurements closer to the phenological stages of the crop investigated and extend them by crop transpiration measurements. This may lead to the discovery of important connections between improved climate conditions in SRACS and yield development.
